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Abstract 
Microalgae are photosynthetic organisms with a great economic importance due 
to their large application areas that goes from feed and food production to biomedicine 
or cosmetics. Necton S.A. is a Portuguese company specialized in the culture and 
commercialization of microalgae created and established at Ria Formosa Natural Park. 
 Zebrafish has been increasingly used as a model organism for scientific studies 
in a great variety of areas like genetics, toxicology and biomedicine. Despite this vast 
utilization, laboratory rearing protocols are poorly studied, in particular during the larval 
stage, which could result in poor growth performance and bias the results obtained in 
studies that use this model.  
The present work evaluated the potential of using rotifers as sole live-prey for 
zebrafish larvae rearing; additionally, different combinations of the microalgae 
Nannochloropsis sp., Tetraselmis sp., Isochrysis galbana and Skeletonema costatum 
were evaluated as rotifers feed / enrichment.   
To do so, a trial with zebrafish was performed from 0 days post fertilization (dpf) 
to 60 dpf. During this period seven different feeding protocols were tested in duplicate: 
one control treatment where the larvae were fed with rotifers fed enrichment 1 (100% 
Nannochloropsis sp) (5 - 8 dpf) followed by artemia nauplii (9 - 24 dpf) and a commercial 
diet; one treatment where the larvae were fed only a commercial diet; five protocols 
where the larvae were fed rotifers (5 - 24dpf) enriched with different microalgae 
concentrations  followed by a commercial diet. Fishes were evaluated at three different 
timepoints (5, 25 and 60 dpf) for growth parameters, condition factor, mortality and 
morphology. 
At the end of the first part of the trial (25 dpf), larvae under the control treatment 
presented the best performance for the growth parameters, followed by the larvae fed 
only a commercial diet and the larvae only fed rotifers. At the end the of the trial (60 dpf), 
fish under the control treatment remained the one with the best growth performance but 
only when compared to zebrafish fed rotifers fed enrichment 4 (25% Nannochloropsis 
sp., 25% Tetraselmis sp., 50% I. galbana). All other groups demonstrated compensatory 
growth to the point there were no significant differences to the control group. Although 
there were no significant differences between rotifers-fed groups, enrichment E2 (50% 
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Nannochloropsis sp.; 25% Tetraselmis sp.; 25% Isochrysis galbana) showed lower 
mortality thus being the most promising microalgae combination. Fine-tuning of rotifers 
culture / enrichment microalgae combination can further improve larval performance. 
This study demonstrated the possibility to rear zebrafish from first exogenous feeding 
until 60 dpf using only one type of live-feed, which could have great positive economic 
impact in zebrafish rearing facilities. 
 Key words: Microalga, Zebrafish, Rotifer 
 
Sumário 
Microalgas são organismos fotossintéticos com grande importância económica 
devido às suas inúmeras áreas de aplicabilidade que vão desde a produção de alimento 
para consumo humano e animal até biomedicina e cosmética. Necton S.A. é uma 
empresa Portuguesa, criada e estabelecida no Parque Natural da Ria Formosa, 
especializada na cultura e comercialização de microalgas. 
O uso de peixe zebra como um organismo modelo em estudos científicos tem 
vindo a aumentar numa grande variedade de áreas como a genética, toxicologia e 
biomedicina. Apesar da sua grande utilização, os protocolos de crescimento e 
manutenção em laboratório estão pouco estudados, principalmente durante a fase 
larvar, o que pode resultar em más performances do crescimento e enviesar os 
resultados obtidos dos estudos no qual é usado como modelo. 
Este trabalho avaliou o potencial do uso de rotíferos como único alimento vivo 
para a criação de larvas de peixe zebra; adicionalmente, diferentes combinações das 
microalgas Nannochloropsis sp., Tetraselmis sp., Isochrysis galbana e Skeletonema 
costatum foram avaliadas como alimento/enriquecimento de rotíferos. 
Para isso, foi realizado um ensaio desde os 0 dias pós fertilização (dpf) até aos 
60 dpf. Durante este período foram testados em duplicado sete tipos diferentes de 
protocolos de alimentação: um tratamento controlo no qual as larvas foram alimentadas 
com rotíferos enriquecidos com o enriquecimento 1 (100% Nannochloropsis sp.) (5 – 8 
dpf) seguido de náuplios de artémia (9 – 24 dpf) e finalmente uma dieta comercial; um 
tratamento onde as larvas foram alimentadas apenas com uma dieta comercial; cinco 
protocolos onde as larvas foram alimentadas com rotíferos (5 – 24 dpf) enriquecidos 
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com diferentes concentrações de microalgas e seguidamente alimentados com uma 
dieta comercial. Os peixes foram avaliados em três alturas diferentes (5, 25 e 60 dpf) 
para parâmetros de crescimento, fator de condição, mortalidade e morfologia. 
No final da primeira parte do ensaio (25 dpf), larvas sob o tratamento controlo 
apresentaram uma melhor performance para os parâmetros de crescimento, seguidas 
das larvas apenas alimentadas com uma dieta comercial e das larvas alimentadas 
apenas com rotíferos. No final do ensaio (60 dpf), o grupo controlo manteve-se como o 
grupo com melhor performance para os parâmetros de crescimento mas apenas quando 
comparado com os peixes zebra alimentados com rotíferos alimentados com o 
enriquecimento 4 (25% Nannochloropsis sp., 25% Tetraselmis sp., 50% I. galbana). 
Todos os restantes grupos demonstraram crescimento compensatório ao ponto de não 
haver diferenças significativas para com o grupo controlo. Apesar de entre os grupos 
alimentados apenas com rotíferos não haver diferenças significativas, a combinação do 
enriquecimento E2 (50% Nannochloropsis sp.; 25% Tetraselmis sp.; 25% I. galbana) 
resultou em menor mortalidade, tendo sido considerada a combinação de microalgas 
mais promissora. A afinação da combinação das microalgas para 
cultura/enriquecimento de rotíferos pode melhorar o desempenho larvar. Este estudo 
demonstrou a possibilidade de cultivar peixe zebra desde a primeira alimentação até 
aos 60 dpf utilizando apenas um tipo de alimento vivo, o que poderá ter um grande 
impacto económico positivo nas instalações de criação de peixe zebra. 
 Palavras chave: Microalga, Peixe zebra, Rotífero 
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Introduction 
1 - State of Aquaculture 
 In the past few decades, aquaculture has been one of the fastest growing 
industries worldwide (Lucas and Southgate 2012, Bricker et al. 2016, Ottinger et al. 
2016) employing hundreds of millions (FAO 2014). 
 The increasing world population and demand of aquatic products implies the 
continuous growth of the aquaculture production of both aquatic plants and animals, in 
order to supply the world needs of these resources (Diana 2009, Ottinger et al. 2016). 
Figure 1 – World aquaculture production of aquatic animals and plants (1995-2014) (FAO 2016) 
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According to FAO (2016), 27.3 million tonnes of aquatic plants were produced in 
2014, with an estimate value of 5.6 billion US$. Farmed aquatic plants contribute for 25% 
of total aquaculture production in volume, however, in terms of total value, they only 
contribute with less than 5% (Fig.1). 
 Relatively to the microalgae production and respective value, there is a huge lack 
of information (FAO 2016), but a study in 2009 made an estimate that about 8000 to 
10000 tons of microalgae were produced worldwide (Burnell and Allan 2009). It’s 
expected that this value has increased since then. 
 Portugal has a great potential in aquaculture industry due to its geographic 
location, with the influence of Atlantic Ocean and Mediterranean sea, creating a great 
variety of possible locations to implement aquaculture industry. However, the sector 
remains poorly developed (Pham et al. 2008). 
 
2 - Microalgae 
 Microalgae are a group of photosynthetic microorganisms, either prokaryotic or 
eukaryotic (Mata et al. 2010) that can exist alone as a single cell, or in colonies (Conde 
et al. 2013). They can be found in both salt or fresh-water environments and are the base 
of the aquatic food web (Muller-Feuga 2000, Christaki et al. 2011). 
 Currently it is thought that around 30.000 species exist but only a few hundreds 
have been studied and, of this group, only a few have industrial relevance (Christaki et 
al. 2011, Fernandez et al. 2017). The microalgae with most significant production are 
Nannochloropsis sp., Isochrysis sp., Tetraselmis sp., Skeletonema sp., Chlorella sp., 
Spirulina sp. and Dunalliela sp. (Christaki et al. 2011, Guedes and Malcata 2012). 
 These organisms not only have a great economic importance due to the derived 
profits of their production, but also due to their numerous applications in a great diversity 
of areas, such as biomedicine, cosmetics, feed and food (Fernandez et al. 2017). Among 
this areas the most relevant is, without doubts, aquaculture, due to their central role in 
the food chain as mentioned above (Muller-Feuga 2000). 
 The nutrional value of microalgae for aquaculture is of extreme importance 
because they are a known source of essential nutrients. The usual composition of total 
lipids and protein is 13 to 33% dry matter (DM) and 30 to 50% DM, respectively (Vizcaíno 
et al. 2014). 
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 Microalgae lipids are high in long-chain polyunsaturated fatty acids (PUFA), in 
particular omega-3 and omega-6, important fatty acids for fish and for humans (Conde 
et al. 2013). They also contain high contents of pigments and other compounds with 
immunostimulant and probiotic capacity (Vizcaíno et al. 2014).  
 Despite the increase of their utilization, microalgae culture remains with high 
costs, mainly related with the recovery of biomass from the cultures (Gouveia et al. 2016) 
 
2.1 - Microalgae production systems 
 The early steps in microalgae culture were made at the end of the 1950s and 
beginning of 1960s in Germany and Japan, respectively (Becker 1994, Spolaore et al. 
2006). 
 In natural environments, microalgae use sunlight, carbon dioxide and obtain 
nutrients from their habitats (Brennan and Owende 2010). The production systems must 
replicate these conditions to the maximum in order to achieve the optimal production 
conditions for the cultures (Brennan and Owende 2010). 
 These organisms can be cultured in a great variety of environments because they 
don’t need fertile soil and can grow in contaminated waters, being this a great advantage 
for the microalgae production (Fernandez et al. 2017) particularly when compared to 
terrestrial crops. 
 Production systems can be divided in two: open and closed culture systems 
(Brennan and Owende 2010, De Andrade et al. 2016). 
 Open-culture systems can be open ponds or raceways (Brennan and Owende 
2010, De Andrade et al. 2016). These have the advantages of being a relatively cheaper 
option in contrast with closed-culture systems, being easier to clean, requiring lower 
energy inputs and having a simpler maintenance (Brennan and Owende 2010). 
However, these systems require a big effort to select the right place for the culture 
because microalgae cultures are easily contaminated, and the control of the cultures is 
reduced, which can result in poor biomass productivity. Also, only a few microalgae 
species that grow in extreme environments can be cultured in this conditions with good 
productivity (Brennan and Owende 2010, De Andrade et al. 2016). 
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The closed-cultured systems are known as photobioreactors (PBRs) (Pulz 2001, 
Ugwu et al. 2008). There are several types of PBRs including green wall panels, vertical 
columns, horizontal tubular PBRs, among others. 
 The “Green Wall Panel” (Fig. 2) is a flat 
PBR composed of a disposable plastic culture 
bag, supported by multiple vertical bars on 
both sides (Tredici et al. 2015). The major 
advantages are the low cost, comparatively to 
others PBRs, ease of use, possibility to scale-
up and adaptability of the system (Tredici et al. 
2015, Tredici et al. 2016). The great 
disadvantage of this system is the energy needed for mixing and cooling the culture 
(Tredici et al. 2015). 
 Tubular PBRs (Fig. 3) are the most 
appropriate for outdoor cultures due to the 
large illumination area. These systems also 
have good biomass productivity. However, they 
require large areas to build and have poor 
mass transfer of carbon dioxide to the 
microalgae cells (Ugwu et al. 2008, Jacobi et 
al. 2010). 
 The evolution of these systems is 
extremely important because in the microalgae production industry there is a pressing 
need to develop technology able to improve the effectiveness of the cultures, from both 
economic and environmental point of views (Brennan and Owende 2010). 
 
 
 
 
 
 
Figure 2 – Green Wall Panel at Necton S.A. (Inês 
Beatriz) 
Figure 3 – Tubular photobioreactors at Necton S.A. 
(Inês Beatriz) 
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2.2 - Microalgae Production Types 
 Currently there are three types of production approaches: continuous; semi-
continuous or fed-batch; discontinuous or batch (Lavens and Sorgeloos 1996). 
 The continuous culture (Fig. 4) is characterized by a continued introduction of 
water with nutrients in the culture and the harvest of the excess of the culture. This 
method allows the maintenance of the culture closer to the maximum growth rate and a 
more foreseeable quality. The greath disadvantages of the method are its high costs and 
the systems complexity (Lavens and Sorgeloos 1996). 
 The fed-batch (Fig. 4) culture is characterized by the use of a single incoculum 
followed by a period of growth without the addition of water and nutrients during the 
growth phase. The culture is partially harvested followed by the intruction of water and 
nutrients required to achieve the former level. The advantage of this method is that it can 
be used both indoor or outdoor but has the disadvantage of having an unpredictable 
durability (Lavens and Sorgeloos 1996). 
 The discontinuous or batch culture (Fig. 4) is characterized by the use of a single 
inoculum followed by a period of growth without the addition of water and nutrients. When 
the culture reaches its peak density or after a significative period, all the culture is 
harvested. This method has in its lack of complexity and easiness of use its greatest 
advantage. However, the efficiency and quality of the cultures are lower than in the other 
two methods and also requires intensive labour to maintain. There is also an imperative 
need to prevent contaminations in the early steps of the cultures. The high concentration 
of nutrients combined with the low concentration of microalgae cells can be dangerous 
if the culture is contaminated with an organism with a faster growth rate (Lavens and 
Sorgeloos 1996).  
 
Figure 4 - Scheme of the different types of microalgae production (Pedro Vaz) 
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2.3 - Nannochloropsis sp. 
 Nannochloropsis sp. (Fig. 5) is 
a marine eustigmatophyte unicellular 
microalgae (Cheng-Wu et al. 2001) 
that can be bound world-widely (Li et 
al. 2011). The size of this microalgae 
goes from 2 to 5 µm (Li et al. 2011).  
This genus is composed of six 
species: Nannochloropsis oculata, N. 
salina, N. granulate, N. oceanica, N. 
gaditana (all from marine ecosystems) and N. limnetica (freshwater native). Each 
species also has innumerable different strains. This fact makes it difficult to individually 
use just one strain to a commercial purpose (Taleb et al. 2015).  
 Nannochloropsis sp. are the most used microalgae in the aquaculture industry 
given its role on zooplankton feeding, such as rotifers, and to its use in “green water” 
technique, a common practice for fish larvae rearing (Cheng-Wu et al. 2001, Marcilla et 
al. 2009). Nannochloropsis sp. has also a good nutritional value, digestibility and cell 
size, along with a lack of toxicity and simple culturing (Cerezuela et al. 2012). 
 The high levels (50 to 55%) of n-3 PUFA (Andrich et al. 2005), with the 
eicosapentaenoic (EPA) being the most common, constitute the primary reason for the 
success of this microalgae in aquaculture (Rebolloso-Fuentes et al. 2001). Moreover, 
Nannochloropsis sp. has also in its composition a series of important pigments such as 
chlorophyll a (used in areas like cosmetics and pharmaceuticals), canthaxanthin 
(possesses anticancer and antioxidant activities), and zeaxanthin (decrease the risk of 
macular degeneration) (Lorenz and Cysewski 2000, Chen et al. 2005, Dufossé et al. 
2005, Li et al. 2006, Cerezuela et al. 2012). 
 Nannochloropsis has also been used for biofuel production (Pal et al. 2011) and 
for human consumption due to his role on preventing several diseases (Marcilla et al. 
2009). 
 
 
 
Figure 5 - Microalgae Nannochloropsis sp 
(CSIRO/Wikimedia/CC BY 3.0) 
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2.4 - Tetraselmis sp. 
 Tetraselmis sp. (Fig. 6) is a green 
flagellate unicellular microalgae that usually 
appears at marine littoral habitats worldwide 
(Huber and Lewin 1986). Its cell size ranges 
from 4 to 8 µm and has cordiform, elliptical or 
almost spherical form (Necton S.A. 2018). This 
genus has found some taxonomic difficulties to 
characterize in different species due to 
difficulties in cellular characterization (Lee and 
Hur 2009). Tetraselmis can be easily isolated 
and cultivated (Huber and Lewin 1986).  
 This microalgae are used as a source of lipid, protein and carbohydrate by the 
aquaculture industry (Khatoon et al. 2014) and is also a good choice for feeding rotifers, 
simultaneously with Nannochloropsis sp. (Hemaiswarya et al. 2011). A large part of its 
composition is carbohydrates (24%) (González-Fernández and Ballesteros 2012), which 
can be increased by rising  the salinity of the culture; it can also produce high levels of 
carotenoids and vitamin E, important antioxidative compounds used in pharmacology 
(Lee and Hur 2009, Das et al. 2016). This genus is not only used in aquaculture but is 
also a potential candidate for biofuel production (Das et al. 2016). 
 
2.5 - Isochrysis galbana 
 The species Isochrysis galbana (Fig. 7) 
is a golden-brown marine microalga with a thin 
cell wall and spherical shape (Lin et al. 2007, 
Gnouma et al. 2017). Cell size can go from 3 
to 6 µm (Necton S.A. 2018).  
 I. galbana is one of the most used 
microalga in aquaculture to feed larval stages 
of fish, crustaceans and molluscs, due to its 
good nutritional qualities and the easiness of 
culture both indoor and outdoor (Lin et al. 
2007, Yoshioka et al. 2012). 
Figure 6 - Tetraselmis sp. (Provasoli-Guillard 
National Center for Marine Algae and Microbiota, 
Bigelow Laboratory for Ocean Sciences) 
Figure 7 - Isochrysis galbana (Sustainable Aquatics) 
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 The principal nutritional qualities of this microalga are the high levels (22 to 33% 
depending of the growth phase) of PUFAs, with EPA and especially docosahexaenoic 
acid (DHA), being the most important (Yoshioka et al. 2012, Sun et al. 2014, Gnouma et 
al. 2017). The biochemical attributes of I. galbana can be changed by natural factors 
such as temperature, photoperiod, culture nutrient concentration and salinity (Zhu et al. 
1997, Gnouma et al. 2017). 
 There are also reports of anti-inflammatory activity in rats (Bonfanti et al. 2018) 
and presence of bioactive substances with antioxidant activity in vitro (Sun et al. 2014). 
 
2.6 - Skeletonema costatum 
 Skeletonema costatum (Fig. 8) 
is a cosmopolitan marine diatom that 
can be found usually on coastal sides 
and it’s one of the most abundant 
diatoms (Zingone et al. 2005, Deng et 
al. 2016). Diatoms provide about 20 to 
25% of the world primary production in 
aquatic systems, making them 
extremely important (Deng et al. 2016). 
This microalga has cylindrical form with 
yellow/brown colour and a size that 
goes from 2 to 61 µm and presents two 
chloroplasts per cell (Pérez et al. 2017).  
 This microalga is an important feed for marine organisms, more specifically, 
mollusc and crustaceans (Borowitzka 2013, Deng et al. 2016). These microalgae are 
used mostly due to their content of lipids (7,42%) (Setyaningsi et al. 2018) and easiness 
of culture (Pérez et al. 2017). It was demonstrated that S. costatum presents some 
antibacterial activity (Naviner et al. 1999). This species has also scientific value because 
it is considered a standard test organism for ecotoxicological test (Deng et al. 2016). 
 
 
Figure 8 - Skeletonema costatum (Phytopedia - The 
Phytoplankton Encyclopaedia Project) 
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3 - Zebrafish (Danio rerio) 
 Zebrafish (Danio rerio) (Fig. 9) is a 
teleost freshwater fish that belongs to the 
Cyprinidae family (Spence et al. 2008). It is 
a small fish with 40 mm standard length (SL, 
from the tip of the snout to the beginning of 
the caudal fin). The body is fusiform with 
lateral compression. It possesses a terminal 
oblique mouth directed upwards. The eyes are central and cannot be seen from above. 
The principal characteristics of this species are their horizontal stripes, two pairs of 
barbells and five to seven dark blue longitudinal stripes that go from behind the 
operculum to the caudal fin. The dorsal fin possesses dark blue superior edge with a 
white border and the anal fin is striped like the rest of the body (Spence et al. 2008, 
Harper and Lawrence 2016).  
 D. rerio is native from south Asia, primarily in countries like India, Nepal, Myanmar 
and Bangladesh in slow moving waters (Spence et al. 2008, Harper and Lawrence 2016). 
Those areas are characterized by a monsoonal climate with dry and rainy seasons 
(Spence et al. 2008, Harper and Lawrence 2016). This causes great oscillations on the 
environmental conditions both chemical and physical. Zebrafish were observed, in the 
wild, in water with a temperature range from 16 to 38ºC and a pH range from 5.9 to 8.5, 
which demonstrates this species capacity to adapt to a large range of conditions (Harper 
and Lawrence 2016). 
 This species is an asynchronous batch spawner that reproduce in small groups 
and prefer superficial areas with slow moving waters. The eggs are demersal and do not 
adhere to the surfaces. Each female can lay hundreds of eggs in a single spawn and 
does not present parental care behaviour (Spence et al. 2008, Harper and Lawrence 
2016). 
 Zebrafish remain at embryonic development until 48-72h after the spawn. At this 
moment, they hatch and enter the larval phase until about 30 dpf, with the external 
feeding starting at 5 days post fertilization (dpf) (Westerfield 2007, Lawrence et al. 2015). 
From 30 until 90 dpf they are at the juvenile phase. Finally, at 90 dpf zebrafish finish their 
development and are considered adults (Westerfield 2007). 
 
Figure 9 – Danio rerio (Noren, M) 
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3.1 Zebrafish as a research model 
 An organism, to be used as a research model, requires some favourable 
characteristics such as being representative of a large number of different organisms 
and own favourable technical features, such as cheap maintenance costs and easiness 
of handle (Segner 2009). 
 Zebrafish fulfills these requirements to be considered a research model, which is 
why it is one of the most used vertebrate organisms in research in a variety of different 
areas, such as genetics, development biology, neurophysiology and biomedicine 
(Spence et al. 2008, Segner 2009). 
 Its vast utilization is due to several biologic characteristics. First, it is a small fish 
(as seen above), making it easy and inexpensive to maintain in small facilities and with 
high number of individuals (Segner 2009, Santoriello and Zon 2012). 
 The short life cycle of this species (three to four months until maturity) and the 
high amount of eggs in each spawn allows studies to be performed in different stages of 
development and is ideal for genetic works (Maack and Segner 2003). 
 The use of zebrafish presents other advantages. The fertilization happens 
outside the body of the fish thus the embrionary development occurs externally. In 
addition, the embryos and larvae of zebrafish present optical transparency. These 
characteristics are extremely useful to observe in vivo phenotypical alterations in the 
individuals and to manipulate genes due to the easiness of access (Vasta et al. 2004, 
Lieschke and Currie 2007, Segner 2009). 
 Additionally, the genome of Zebrafish is very similar to the human genome and 
is fully sequenced, making this a premium model to study human diseases and gene 
expression and manipulation (Vasta et al. 2004, Segner 2009, Santoriello and Zon 2012). 
 
3.2 - Zebrafish Husbandry 
 The optimal production and maintenance conditions in laboratory for this species 
is of extreme importance, since its use as a research model implies a rigorous control of 
several parameters related to water quality, larvae rearing and feeding (Martins et al. 
2016). Optimum conditions for zebrafish maintenance and reproduction in laboratory was 
well studied relatively to abiotic factors, with optimum conditions being: temperature (Tº) 
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(28.5ºC); photoperiod (10h obscurity/14h luminosity); pH (8.0); water hardness (100  
mg/L CaCO3); oxygen (for Tº 28.5ºC, ~ 7.8 mg/L) (Lawrence 2007). 
 Despite the enormous utilization of zebrafish in laboratory studies, their rearing 
methods are poorly developed and do not follow an uniform feeding protocol from first 
stages of development until the adult phase (Lawrence 2007). This lack of 
standardization can lead to behavioural and physiological changes that can compromise 
the usage of zebrafish as an experimental model (Lawrence 2007, Siccardi III et al. 
2009). Therefore, the application of a specific feeding protocol is of extreme importance, 
in particular in the first stages of the fish development, which are determinant for the 
correct growth of the animal. This measure is of extreme importance to continue using 
zebrafish as an experimental model, reducing the possibilities of biased results (Siccardi 
III et al. 2009). 
 
3.3 - Feeding zebrafish 
 From fertilization until the beginning of the larval stage, the embryos feed on 
internal reserves present in the yolk-sac (Ma and Qin 2014). After the reserves runout it 
is necessary to start the exogenous feeding with live or processed feed, with the use of 
live preys being the most common (Allen et al. 2016). This happens because it was 
already showed that the use of live feed enhances zebrafish growth, generation time and 
reproductive performance (Martins et al. 2016) 
 The use of processed feed can reduce the dependence of the production and 
maintenance of live feed. Live prey production is expensive can have an unpredictable 
availability and requires intensive labour to maintain. However, and despite of some 
studies demonstrated the possibility of rearing zebrafish with processed feed since the 
start of the exogenous feeding (Carvalho et al. 2006), the results are worst in terms of 
growth and survival when compared to fish fed  live prey since the first stages (Lawrence 
2007). 
 Zebrafish larvae and juveniles have better performance when fed live prey, which 
usually are zooplankton like rotifers or artemia (Harper and Lawrence 2016). This 
species appreciates to have the possibility to capture slow and small preys, visually 
detectable from their optic view (Lawrence et al. 2015). In addition, live prey presents 
higher digestibility, more favourable amino acids profile and the possibility of nutritional 
enrichment to respond to specific requests (Best et al. 2010, Harper and Lawrence 
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2016). Martins et al. (2016) also reported an increase of growth and reproduction rates 
and decreased mortality when zebrafish larvae were fed live prey at first feeding. 
 The live feeds most commonly used are: paramecia (Paramecium sp.), rotifers 
(Brachionus sp.) and nauplii of artemia (Artemia sp.); paramecia and rotifers are used 
as the first exogenous feeding due to their reduced size (Harper and Lawrence 2016) 
followed by artemia nauplii until the introduction of artificial feed (Lawrence et al. 2015). 
 
3.3.1 - Rotifers 
 Rotifers (Brachionus sp.) (Fig. 10) 
are zooplankters of small size (100 - 250 
µm) and slow movement, making them ideal 
preys for zebrafish larvae. Moreover, they 
present a good nutritional profile, being 
capable of produce n-3 PUFA in small 
amounts (Ben-Amotz et al. 1987). Still, 
these amounts are insufficient and need to be enriched with microalgae to manipulate 
and enhance their nutritional attributes. Rotifers are also easy to culture and maintain in 
laboratory (Best et al. 2010, Allen et al. 2016, Harper and Lawrence 2016).  
Brachionus plicatilis (or L-type rotifers) is the most used species of rotifers in 
aquaculture. The main attribute of this species is the great range of salinities in which it 
can be cultured, allowing them to grow at low salinity levels (5 ppts) that can also be 
supported by zebrafish larvae (Best et al. 2010, Harper and Lawrence 2016). There is 
also other species used, although not with the same volume of utilization as the L-type, 
S-type rotifers (Brachionus rotundiformis) (Fielder et al. 2000). L-type rotifers have a 
maximum size of 250 µm and S-type has a maximum size of 170 µm (Navarro 1999). 
 The utilization of rotifers rather than paramecia has some advantages, not only 
due to the low cost and easiness of the culture, but also due to the benefits for the larvae 
related to their high nutritional value. In addition, since paramecia feed from bacteria, 
these can easily become a source of contamination, in opposition to the rotifers that feed 
from microalgae, making them a safer option (Martins et al. 2016). Despite the fact that 
from a nutritional and functional point of view paramecia and rotifers are the most suitable 
live feed for first feeding zebrafish larvae, the need to maintain these parallel cultures 
Figure 10 - Brachionus sp. with an egg (Reed Mariculture) 
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discourages most of the laboratories to use these as first feed, preferring to use artemia 
or processed feed as first exogenous feed. 
 Few studies focus on the effects of using rotifers as feed for zebrafish larvae 
throughout their development. At least one study supressed the use of artemia and used 
rotifers until the introduction of processed feed (25 dpf) (Lawrence et al. 2015). This study 
allowed the reduction of zebrafish production costs (in great part due to the large annual 
fluctuations of the artemia price) and also the labour that one more type of live prey 
culture implies (Lawrence et al. 2015). 
 
3.3.2 - Artemia 
Artemia (Artemia sp.) (Fig. 11) or brine 
shrimp are small aquatic crustaceans and are 
the principal live prey used for feeding zebrafish. 
When the environmental conditions are not 
favourable, adult artemia reproduce by 
producing cysts (Lavens and Sorgeloos 1987). 
These cysts can withstand harsh environmental 
conditions. Artemia cysts are harvested from the 
wild, dried and can be stored for long periods 
until they are used. When needed, artemia cysts 
can be incubated in salt water and artemia nauplii hatch after 18 to 24h and be fed to 
zebrafish. It’s important to give the nauplii to the larvae right after they hatch since in that 
stage they present the most appropriate size (475 - 500 µm) and good nutritional profile. 
Also, the quantity of energy available for the larvae decreases with nauplii development 
(Harper and Lawrence 2016).  
However, and despite the good nutritional value and the possibility of enrichment 
at the second-instar metanauplii stage, artemia nauplii are faster and bigger than 
paramecia or rotifers, making them less suitable as first feed for zebrafish larvae. For 
that reason, artemia nauplii are also used to feed zebrafish larvae as a transition feed 
between paramecia/rotifers to processed feed (Best et al. 2010, Allen et al. 2016, Harper 
and Lawrence 2016).  
 
Figure 11 - Artemia Nauplii and metanauplii 
(Brendan C. Delbos, Role of Live Feeds in Zebrafish 
Culture)   
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4 - Necton S.A. 
Necton S.A. is a Portuguese company specialized in the culture and 
commercialization of microalgae, with scientific, technological and market knowledge 
focused primarily feed for aquaculture, cosmetics, food and bioenergy and engineering. 
This company was created in 1997 and established at Ria Formosa Natural Park until 
present, working with several different microalgae cultivation technologies. Currently 
Necton works on a semi-continuous production with the utilization of green wall and 
tubular PBRs technologies. 
 
Objectives 
This work can be divided in three main tasks: 
1 - The first part of the work took place at Necton S.A. and consisted in 
participating and gaining knowledge on the procedures necessary for the culture and 
commercialization of microalgae. 
2 - Development and implementation of zebrafish reproduction and larval rearing 
in Nutrimu facilities. 
3 - The third part took place at the Marine Zoology Station from the Faculty of 
Sciences of Porto University and consisted in testing several feeding protocols 
formulated with microalgae from Necton to cultivate rotifers with the final goal of rearing 
zebrafish larvae from hatching until sixty days post fertilization and evaluate the feeding 
protocol resulting in best performance of the animals. 
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Materials and Methods 
1 – Microalgae production 
 Necton S.A. microalgae production plant operates using a semi-continuous culture 
production approach, where biomass is produced in green wall (GW) and tubular PBRs. 
 
1.1 – Scale-up 
To start the scale-up, different microalgae inocula were primarily prepared at the 
laboratory in 5 L balloons. This step was operated by the staff of the company to avoid 
the risk of contaminations due to a large number of users. Thereafter, two 5 L balloons 
were used to inoculate a 100 L GW PBR. The inoculation on this system had several 
steps: first, the GW was mounted. After the structures were prepared, the GW was filled 
with ultrafiltered water and disinfected with sodium hypochlorite 13% (1 mL/L). After at 
least 30 minutes, the water was neutralized with (0.5 mL/L) of a sodium thiosulfate (0.3 
Kg/L) solution. When there wasn’t any trace of sodium hypochlorite, the GW was 
inoculated with the seed culture. 
 The scale-up continued with successive volume increases using GW PBR of 
different volumes, namely: 200 L, 400 L and 800 L. The final stage of scale-up occurred 
with the transfer of the culture from two 800 L GW to the 15000 L tubular PBRs. Fig. 12 
exemplifies the steps above described.  
 
1.2 – Culture monitoring 
 Every day, a 45 mL sample was collected from each culture in production to be 
evaluated for optical density, pH and microscopic observation of contaminants. 
Figure 12 - Scheme of the microalgae cultures scale up and (Pedro Vaz) 
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1.2.1 – Microalgae culture density  
 Each sample was diluted with a dilution factor of 1:10 on test tubes. After dilution, 
the samples were read at 540 nm on a spectrophotometer. The value of the optical 
density multiplied by the dilution factor allowed to calculate the dry weight of each 
different culture, using calibration curves previously established in Necton for each 
microalgal species. 
 
1.2.2 – pH measurement 
 The pH values of each culture were obtained with a pH meter. The expected 
values ranged from 7 to 8 for samples from GWs, and 8 to 9 for samples from tubular 
PBRs. If the pH was above the target value, the amount of CO2 provided was increased. 
If the opposite happened, the amount of CO2 provided decreased. 
 
1.2.3 – Microscopic observation of contaminants 
 For each sample, a temporary slide was made and observed at the microscope. 
This analysis was done to observe algae, bacteria or other life forms that could be 
contaminating the cultures. 
 
1.3 – Biomass collection 
Cultures were extracted from the PBRs with pipes to a collection tank. This step 
can happen during the GW phase or the tubular PBRs phase (Fig. 1). After this, the algae 
biomass was collected by centrifugation as an algae paste. The paste collected may then 
be packed in two forms: as a frozen paste (packed right after centrifugation), or in the 
form of powder (after freeze-drying). 
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1.4 – Enrichments formulation 
In this project the following microalgae were used: Nannochloropsis sp., 
Tetraselmis sp., I. galbana and S. costatum. Five enrichments were formulated to contain 
different percentages of each microalga as described in Table 1.  
Different microalgae have different characteristics, therefore, these different 
enrichments meant to determine the most suitable microalgae combination. It is 
important to refer that this work results from the partnership of Faculdade de Ciências 
da Universidade do Porto and Necton S.A, thus having as primary objective the 
development of a commercial product. The microalgae used were chosen, not only due 
to their nutritional composition but also because they are already cultivated at Necton 
S.A..  
 
Table 1 - Enrichments formulated to grow rotifers for zebrafish larvae. 
 
Nannochloropsis 
sp. 
Tetraselmis 
sp. 
Isochrysis 
galbana 
Skeletonema 
costatum 
Enrichment 1 100% - - - 
Enrichment 2 50% 25% 25% - 
Enrichment 3 25% 50% 25% - 
Enrichment 4 25% 25% 50% - 
Enrichment 5 50% 25% - 25% 
 
Each enrichment was produced with freeze-dried microalgae. Algal biomass 
(powdered) was weighed and mixed together according to each enrichment established 
proportions (Table 1). Enrichments were then prepared as a concentrated solution (18% 
w/v) using an in-house preservation solution as follows: microalgae biomass was added 
to the preservation solution, let to rest for 15 minutes for hydration and then mixed 
thoroughly with a homogenizer for 3 minutes. 
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2 – Development and implementation of zebrafish reproduction 
protocol 
 Several pilot tests were conducted to optimize and implement an effective 
zebrafish reproduction protocol, with about one week apart from each other to guaranty 
that the females had eggs. Fish were acquired at a specialized animal store and brought 
to the facilities at Marine Zoology Station, Porto University, in a bag. The bag was placed 
inside the aquarium for a few minutes to equalize the bag and aquarium temperature 
and then the bag was opened and the water from the tank and the bag was gradually 
mixed before the fish finally entered the aquarium. This prevented any possible 
environmental shocks related to different temperature, pH, chemical composition or 
hardness of the water from the previous site and allowed fish to acclimatize to the new 
tank. The aquarium was kept with controlled temperature (27ºC) and photoperiod (14h 
luminosity/10h of obscurity), and fish were fed two times a day with commercial feed. 
 
2.1 – First reproduction attempt 
 Approximately five hours before dark, an artificial nest adapted for reproduction 
(Fig.13) with a net and marbles, was placed in the tank close to the surface. This 
structure intended to simulate the natural conditions that zebrafish have for spawning. 
This species likes to reproduce in low slow-moving waters, in places with vegetation and 
sediment and usually spawn at the first daylight (Lawrence 2007, Spence et al. 2008). 
The marbles were used to mimic natural sediment and, at the same time, protected the 
eggs from adult zebrafish. Because zebrafish spawns at dawn, thirty minutes after the 
lights went on the artificial nest was verified to see if there were any eggs. In this attempt, 
there were no signs of reproduction.  
Figure 13 - Reproduction device from two different perspectives; A – lateral side; white arrow pointing to the net; B – 
perspective from above; black arrow pointing to the marbles (Pedro Vaz). 
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2.2 – Second reproduction attempt 
 In the second attempt, the tanks were divided with a physical barrier in two sides 
(Fig.14), that allowed for water exchange between the two sides, but prevented fish from 
changing sides. Side A had a sex ratio of 2 males: 1 female, while in side B no care was 
taken with sex ratios. Both sides had an equal device for reproduction. In this attempt 
there were no signs of reproduction in the morning.  
 
2.3 – Third reproduction attempt 
 In this attempt the conditions were exactly as described in the 2.2. This time, in 
the day before reproduction, two partial (30%) changes of water were conducted to try 
to eliminate possible pheromones excreted by dominant females that could inhibit 
reproduction (Nasiadka and Clark 2012). In the next morning, reproduction occurred in 
side A (about 179 eggs), with a male: female ration of 2:1, but not in side B. 
 
2.4 – Fourth reproduction attempt 
 This time, the only change made to the previous conditions was the establishment 
of a sex ratio in side B similar to that of side A (2 male: 1 female). In the next morning 
reproduction occurred in both sides, with about 575 eggs between the two sides. 
 
 
 
 
Figure 14 - Scheme of the tank division in 
two sides, A and B (Pedro Vaz). 
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2.5 – Fifth reproduction attempt 
Finally, with exactly the same conditions as above, the barrier dividing the 
aquarium was removed and only one reproduction device was placed at the end of the 
afternoon. In the morning reproduction occurred, and there was about 1500 eggs 
(Fig.15). These attempts allowed the establishment of a reproduction protocol for 
zebrafish in the facilities.  
 
2.6 – Zebrafish reproduction protocol 
- Prepare the physical conditions of the aquarium with 27º C, pH 7 water and photoperiod 
of 14h luminosity/10h obscurity. 
- Put the zebrafish breeders in the aquarium with a sex ratio of two males for each female. 
- Feed the breeders with a comercial feed two times per day 
- Change about 30% of water of the aquarium two times in the day before reproduction 
- Place the articial nest adapted for reproduction with a net and marbles at the afternoon, 
close to the surface (Fig. 3) 
- In the next morning collect the eggs thirty minutes after the light turned on 
 
 
Figure 15 - Reproductive recipient without the net and marbles. Black arrow pointing for the 
eggs (Pedro Vaz). 
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3 – Development and implementation of a zebrafish eggs disinfection 
and incubation protocol 
 Four different approaches were tested in order to choose the most efficient 
method of fertilized eggs disinfection, to increase the survival rate. All tests had in 
common the steps that follow: 
 The eggs were gently transferred from the artificial nest to a glass beaker (Fig.16 
A) and washed two times with freshwater and one time with autoclaved freshwater to 
eliminate some existing dirtiness. The particles present in the water and the non-viable 
eggs (eggs with a whitish colour Fig.16 B) were removed with the help of a Pasteur 
pipette and the fertilized eggs divided in Petri dishes (60 eggs per dish) and incubated 
at 28ºC for 5 days. During these 5 days the water of each Petri dish was partially 
renovated and dead larvae or any dirt still present was removed from the petri dishes to 
reduce the possibility of fungal growth. With this protocol the mortality rate was superior 
to 50% due to fungi contamination at 1 dpf. 
 
3.1 – Second disinfection and incubation attempt 
 In the second attempt an additional step consisted in putting the washed eggs 
incubating in a volumetric balloon during one day with intense aeration. This step aimed 
to prevent fungal growth and was successful, but a mortality rate of almost 100% at 1 
dpf was recorded because aeration was too strong and damaged the embryos. 
 
Figure 16 - A – Eggs in glass beaker; B – Eggs in petri dish; Arrows pointing to non-viable eggs with a whitish 
colour (Pedro Vaz).  
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3.2 – Third disinfection and incubation attempt 
 In the third attempt, collected eggs were washed on a bleach solution (100 mL 
autoclaved water plus 50 mL commercial bleach with approximately 5% NaClO for 1 
minute, then washed with autoclaved water and gently agitated by hand for 2 min. This 
step was done twice. The mortality rate was of about 30% after the wash.  
 
3.3 – Fourth disinfection and incubation attempt 
 In this test an additional step, adapted from Harper and Lawrence (2016), was 
performed, which consisted in adding 10 µL of methylene blue (0.15%) in every Petri 
dish  prior to incubation at 28ºC for 5 days. The mortality rate varied between 10% and 
20% at the end of the 5 days incubation period. 
 
3.4 – Zebrafish eggs disinfection and incubation protocol 
- Remove the marbles and the net from the artificial nest. 
- Carefully transfer the eggs to a glass beaker with freshwater. 
- Wash 2 times with freshwater and one time with autoclaved freshwater and remove the 
dirtiness and non-viable eggs (eggs with whitish colour) with a Pasteur pipette. 
- Divide the fertilized eggs in Petri dishes with 60 eggs per dish with 40 ml of fresh water 
- Add 10 uL of a methylene blue solution (0.15%) to every dish 
- Incubate the eggs for 5 days at 28ºC 
- During this period, daily change part of the water of each dish with newly autoclaved 
freshwater and remove existent dirt and dead larvae. 
- After 5 days, all non-hatched eggs / dead larvae should be discarded and larvae can 
be gently transferred to rearing tanks. 
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4 – Adaptation of an experimental system for zebrafish larvae growth 
trial 
The experimental system 
(Fig. 17) where the growth trial 
was conducted is a closed 
recirculation water system with 
24 tanks (3 L volume), 
thermoregulated, provided with 
both mechanical and biological 
filters. During the first 25 days of 
development larvae require a 
static environment that enabled 
feeding with live or compound 
diet, while maintaining water quality.  For that purpose, 1 L tanks with 50 µm pore nets 
in the sides were put inside the 3 L tanks. These net windows allowed for water 
recirculation while preventing larvae and feed to escape the tanks and mix with the 
recirculating water. These 1 L tanks were used during the first phase of the trial, from 5 
to 25 dpf. At 25 dpf, zebrafish juveniles were transferred to the 3 L tanks and stayed 
there until the end of the trial. 
 
5 – Implementation of rotifers culture 
The rotifer species used in this this 
study was type L (large), Brachionus plicatilis 
(Fig. 18). The initial cultures started with a 
concentration of 20 rotifers/mL, a total volume 
of 100 mL, kept at 26ºC, with continuous 
aeration in the bottom (to maintain the rotifers 
in suspension) and a salinity of 22 ppm. The 
salinity was daily decreased until it reached 15 
ppm to adapt the rotifers to low salinity levels 
since rotifers were required to live at 0 ppt when they were given to zebrafish larvae.  
Figure 17 - A - Experimental system; B – 1L tank inside a 3L tank (Pedro 
Vaz) 
Figure 18 - Rotifers cultures (Pedro Vaz) 
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When the concentration of a culture reached 800 rotifers/mL, it was ready to be 
scaled-up. The culture was transferred to a 1 L recipient, filled with fresh 15 ppt water, 
and fed its assigned enrichment. 
For the experiment, five different cultures of rotifers were prepared. Each culture 
received a different culture medium, corresponding to the enrichments/treatments to be 
tested, according to Table 1. 
Parallel stock cultures using each enrichment were maintained as a replacement 
for when the concentration of rotifers in the primary cultures started to decrease.  
Daily, a 1 mL sample was taken from each culture to determine rotifers density 
(rotifers/mL). The rotifers density was then used to calculate the volume of enrichment 
required for each culture. Cultures were fed once per day at the beginning of the 
afternoon. 
 When a culture had a density of 200 rotifers/mL or less, it was filtered with a 50 
µm pore net and placed on fresh water and feed to restart growing, being replaced by a 
new stock culture (Fig. 19). 
 
Stock cultures were maintained simultaneously to assure a constant provision of 
rotifers. They were fed Phytobloom Green Formula® (patented by Necton S.A.) until they 
achieve 800 rotifers/mL. At this point, they were filtered with a 50 µm net to a new 1 L 
recipient and enriched with the enrichment needed at that moment. This cultures were 
cultivated under the necessary enrichment for one day until they were ready to be used 
(Fig. 19). 
In average rotifers density in the cultures increased at a rate of 1.2 times per day, 
so stock culture with 200 rotifers/mL needed about 8 days to achieve the necessary 
concentration (800 rotifers/mL) to be able to receive a specific enrichment and be used 
for larvae feeding on the next day. 
 
Figure 19 - Scheme of the cultures rotation (Pedro Vaz) 
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6 – Implementation of artemia cysts hatching protocol 
Two different protocols were tested to choose the most efficient to hatch artemia 
cysts and obtain nauplii. During the feeding trial the artemia nauplii hatching was 
synchronised with larvae feeding times to guarantee that the nauplii were presented to 
the larvae with an adequate size. 
 
6.1 – First test 
The first method consisted in incubating the artemia cysts at 28ºC in salt water 
under intense light and aeration, without any decapsulation, during 48h. After that time, 
the number of artemia nauplii/mL was very reduced or inexistent. 
 
6.2 – Second test 
The second method had a decapsulation of artemia cysts as first step followed 
by hatching cysts to obtain nauplii. This method provided the necessary amount of 
artemia nauplii for each day of the trial. This protocol was adapted by professor António 
Paulo Carvalho from previous works (Sorgeloos, Bossuyt et al. 1977, Delbos and 
Schwarz 2009). 
 
6.3 – Decapsulation Protocol 
- Place five grams of cysts in a bottle with 1 L of salt water at 28ºC with strong aeration 
for two hours to hydrate. 
- Collect the hydrated cysts with a 50 µm pore net. 
- Wash the cysts 3 to 5 min on a glass beaker with a 50 mL buffer solution (3 mL of 
NaOH + 94 mL salt water) and 100 mL of commercial bleach (the wash time depends 
on the chlorine concentration). 
- Cysts should present a light orange colour and sediment at the bottom of the glass 
beaker at this point. 
- Collect the decapsulated cysts with a 50 µm pore net. 
- Wash with freshwater until there is no chlorine smell. 
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- Wash the cysts in a glass beaker with a 50 mL solution of acetic acid 0.6% with gentle 
agitation for one minute. 
- Collect the cysts with a 50 µm pore net. 
- Wash with freshwater until there is no acetic acid smell. 
 
6.4 – Hatching Protocol 
- Place the decapsulated cysts on a bottle with 1 L of salt water at 28ºC with continuous 
aeration and intense light. 
- Artemia nauplii should hatch after 18h. 
- Turn the aeration off for 10 min; non-hatched cysts should sediment on the bottom. 
- With the help of a hose, purge the non-hatched cysts. 
- Collect the nauplii with a 50 µm pore net and wash with freshwater. 
- Nauplii are now ready to be supplied to the larvae. 
 
7 - Growth trial and experimental conditions 
A growth trial was performed to test seven feeding treatments (Tab 2.) in 
zebrafish larvae from 0 to 60 dpf. Fertilized eggs were obtained and clean as previously 
described and divided into Petri dishes (60 eggs per dish). Eggs were then incubated at 
28ºC until 5 dpf. Daily, the water of each Petri dish was partially changed, and dead 
embryos were removed. At 5 dpf, the larvae were randomly divided, with a density of 54 
larvae for each tank, using fourteen 1 L tanks placed inside the 3 L tanks of a closed 
recirculation water system (Fig. 17) at 27.5ºC and remained there until 25 dpf. During 
this period larvae were fed twice a day, one in the morning and the second six hours 
later. Larvae of the processed feed treatment (PF) were fed 100 mg Zebrafeed 100 – 
200 µm commercial diet (Sparos Lda.) each meal, from 5 to 13 dpf, and 120 mg 
Zebrafeed 100 - 200µm (Sparos Lda.) from 14 to 25 dpf. Larvae from the rotifer 
treatments (E1 to E5) (Tab. 2) were fed with the respective enriched rotifers in a quantity 
that guarantees a concentration of 100 rotifers/mL in the 1 L tank. Larvae from the 
Control treatment (Ctr) (Tab. 2) from 5 to 9 dpf were fed as the rotifer treatments and 
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from day 9 to 24 dpf were fed with artemia nauplii at a concentration of 12 nauplii/mL in 
the 1 L tank (Tab. 2). 
At 25 dpf zebrafish juveniles were transferred to 3 L tanks on the same system, 
where they remained until the end of the trial (60 dpf). During this period the PF continued 
to be fed 120 mg Zebrafeed 100 – 200 µm (Sparos Lda.) each meal until 34 dpf and the 
groups Ctr and E1-E5 started to be fed 120 mg Zebrafeed 100 – 200 µm (Sparos Lda.) 
each meal until 34 dpf. From 35 to 37 dpf, all the juveniles were fed 120 mg of a 
commercial diet 50% Zebrafeed 100 – 200 µm (Sparos Lda.) and 50% Zebrafeed 400 – 
600 µm (Sparos Lda.) each meal, to allow the juveniles to adapt to the larger pellet. 
Finally, from 38 dpf onwards fish were fed 120 mg Zebrafeed 400 – 600 µm (Sparos 
Lda.) each meal. 
 
Table 2 - Feeding protocol of each experimental treatment. The rotifers treatments have the percentage (%) of each 
microalgae in each enrichment. N – Nannochloropsis sp.; T – Tetraselmis sp.; I – I. galbana; S - S. costatum. 
Treatment 5 dpf … 8 dpf 9 dpf … 24 dpf 25 dpf … 59 dpf 60 dpf 
Control Rotifers 
(100%N) 
Artemia Nauplii Commercial diet  
 
 
 
 
 
Final 
 
 
Processed Feed Commercial diet 
Enrichment 1  Rotifers 
(100%N) 
Commercial diet 
Enrichment 2 Rotifers 
(50%N; 25%T; 25%I) 
Commercial diet 
Enrichment 3 Rotifers 
(25%N; 50%T; 25%I) 
Commercial diet 
Enrichment 4 Rotifers 
(25%N; 25%T; 50%I) 
Commercial diet 
Enrichment 5 Rotifers 
(50%N; 25%T; 25%S) 
Commercial diet 
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8 – Samplings 
 A sample of rotifers from each culture and artemia nauplii was collected for 
protein and total lipids quantification. The rotifers/artemia nauplii were collected with a 
50 µm pore net, excess water was carefully absorbed with a paper towel, put in 5 mL 
tubes and stored at -80ºC. 
 Sampling of the zebrafish occurred at 3 different times. The first sampling was 
done at 5 dpf, when the fish were transferred from petri dishes to 1 L tanks. Eighty-four 
fish were randomly euthanized, and later weighed and measured. Measurements were 
taken by placing each fish on milimetric paper and photographing with a digital camera 
Canon EOS 1300D. Individual standard length (from the tip of the snout to the begin of 
the caudal fin) was then estimated with the software ImageJ (available in 
http://imagej.nih.gov/ij/index.html) using the milimetric paper as scale (Fig. 20). The 
second sampling occurred at 25 dpf, when the fish were transferred from 1 L to the 3 L 
tanks and was performed the same way as the first sampling, but fifteen were weighed 
and measured. Other five fish per tank were carefully blotted dry with paper towel, fixed 
in phosphate buffered formalin (4%, pH 7.4) for five days and subsequently transferred 
to ethanol (70%) for long-term storage. The third sampling occurred at the end of the 
trial, at 60 dpf, and was performed the same way as the first and second sampling, but 
only ten fish were sampled. All fish were weighted and measured and three of those fish 
per tank were collected, for further morphology analysis as previously described. 
 
 
Figure 20 - Photograph taken for length analysis; Yellow double arrows 
shows the standard length used for analysis (Pedro Vaz). 
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9 – Detection of skeleton malformations (adapted from Gavaia et al. 
(2000)) 
Stock solutions 
- 4% formalin buffered to pH 7.2/7.4 with 0.1 M phosphate buffer 
- TBST – 50 mM Tris (pH 7.4), 150mM NaCl, 0.1%(v/v) Triton x-100 
- Ethanol solutions – 100%; 96%; 90%; 70%; 50%; 30%; 15% 
- KOH solutions – 0.5% and 1% on distilled water 
- Glycerol – 100% 
- Alcian blue solution – 10 mL Alcian Blue (Ref: 05-M26003, Bio-Optica Milano spa, 
20134 Milano Italy), 70 mL absolute ethanol, 30 mL glacial acetic acid. Filter the solution 
prior to use or storage 
- Alizarin red solution – 36.5 mL Alizarin red solution (Lot 3098245, EMD Millipore Corp, 
USA), 13.5 mL distilled water (values for a 50 mL solution). Filter the solution prior to use 
or storage. 
Times described below for each step are optimized for 10 mm specimens. All of these 
steps were made at room temperature and with illumination. 
- After fixation wash the specimen with TBST for four minutes and with distilled water for 
five minutes. 
- Transfer the specimen to an alcian blue solution for four minutes. 
- Put the specimens for three minutes on absolute ethanol with freshly added 1% KOH 
solution (approximately 1 µm of 1% KOH for each 1 mL of absolute ethanol) 
- Transfer the specimens through a decreasing ethanol series (100%; 96%; 90%; 70%; 
50%; 30%; 15%) until distilled water for two minutes in each series  
-  Put the specimens in a 1% KOH solution for two hours. 
- Place the specimens on alizarin red solution (1:50 dilution of alizarin red stock solution 
in a 1% KOH solution for three hours. 
- Transfer the specimens to a KOH solution (1%) and incubate with intense illumination 
for two hours. 
FCUP 
Microalgae usage for cultivated rotifers (Brachionus sp.) enrichment to integrate                    
zebrafish (Danio rerio) larvae rearing protocol 
30 
 
 
- Finally, for preservation, move the specimen through a series of KOH (0.5%): Glycerol 
baths (3:1; 1:1; 1:3) to a final bath of absolute glycerol (the specimens were transferred 
from a bath to the next when they sink). 
- If needed stock the specimens in a freezer for further analysis 
 
10 – Rotifers protein and total lipids analysis 
 Total lipids values were obtain using a previously modified (Bligh and Dyer 1959) 
method reported by Pereira, Barreira et al. (2012). Lipids were extracted from the rotifers 
using a mixture of chloroform, methanol and water (2:2:1), homogenised with an Ultra 
Thurrax at 1600 g for 2 minutes. The lipid extracts were later centrifuged, and the 
chloroform phase was recovered with a Pasteur pipette. A known volume of the 
chloroform phase was pipetted to pre-weight tubes and evaporated overnight. The dried 
residue was compared with dried mass of culture to obtain the percentage of lipids. 
 Total proteins were calculated by multiplying the percentage of nitrogen by 6.25 
(Marinho et al. 2017), after CHN determination using a Vario el III (Vario EL, Elementar 
Analyser system, GmbH, Hannau, Germany) in accordance with the procedure provided 
by the manufacturer. 
 
11 – Statistical analysis 
The statistical analysis of the parameters was done by a one-way ANOVA, using 
the SPSS 25.0 software. Data were tested for normality by shapiro-wilk’s test and for 
homogeneity of variances by the Levene’s test. Significant differences among groups 
were determined by the Tukey’s test. Statistical differences were considered when 
p<0.05. 
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Results 
All feed treatments were well accepted by the larvae despite their different protein 
and lipid compositions, shown in Table 3. Commercial diet showed the highest protein 
content (63.0% of DM) and artemia nauplii had the lowest (53.2% of DM). Among live 
feeds, rotifers fed Enrichment 1 showed the highest percentage with 60.9% of DM. With 
regard to lipids, rotifers fed Enrichment 5 had the highest lipid content (20.0% of DM). 
Rotifers fed Enrichment 4 presented the lowest lipid content (10.8% of DM). 
 
Table 3 - Total protein and total lipid composition (% dry matter) of live feed and comercial diet used on the trial. N - 
Nannochloropsis sp.; T - Tetraselmis sp.; I – I. galbana; S – S. costatum 
Feed treatments   Protein   Lipid 
Rotifers fed Enrichment 1 (100%N)  60.9  15.2 
Rotifers fed Enrichment 2 (50%N; 25%T; 25%I)  58.5  14.4 
Rotifers fed Enrichment 3 (25%N; 50%T; 25%I)  57.6  13.0 
Rotifers fed Enrichment 4 (25%N; 25%T; 50%I)  58.7  10.8 
Rotifers fed Enrichment 5 (50%N; 25%T; 25%S)  57.6  20.0 
Artemia  53.1  18.9 
Processed Feed   63.0   14.0 
 
 
Length and weight mean values for the first sample at 5 dpf were 0.28 cm and 
0.2 mg. Survival, length, weight and condition factor values of the larvae at the second 
sampling and juveniles at the end of the third sampling of the trial are shown in Table 4. 
During the first phase of the trial (5 to 25 dpf) survival was not statistically different among 
treatments. Still, while larvae fed Control (Ctr), Processed Feed (PF) and rotifers 
receiving Enrichments 1, 2 and 4 showed survival rates above 90%, those fed rotifers 
receiving Enrichments 3 and 5 showed survival rates of 78.7% and 85.2% (Tab. 4). From 
25 dpf until the end of the trial (60 dpf) no mortality was recorded (Tab. 4). 
 Length and weight parameters at 25 dpf were significantly different between the 
larvae fed Ctr, PF and Rotifers treatments (Enrichment 1 to 5). At 25 dpf Ctr larvae 
showed the highest weight and length, followed by PF larvae and finally the larvae fed 
rotifers with similar length and weight values (Tab. 4). At 60 dpf Ctr juveniles still 
presented the highest weight and length, but were only significantly different from 
juveniles fed rotifers receiving Enrichment 4 (Tab. 4). 
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 At 25 dpf Ctr and PF larvae had significantly higher condition factor than larvae 
fed rotifers receiving Enrichment 3. At the end of the trial (60 dpf), there were no 
statistically differences between experimental groups. 
 
Table 4 - Survival, length, weight and condition factor mean values of zebrafish larvae /25dpf) and juveniles (60 dpf) 
reared under the different feeding protocols. 
                 
 Control Processed feed Enrichment 1 Enrichment 2 Enrichment 3 Enrichment 4 Enrichment 5 
P-value1 
25 dpf        
 
Survival (%) 90.7 ± 5.2 92.6 ± 0.0 91.7 ± 1.3 95.4 ± 1.3 78.7 ± 22.3 90.7 ± 2.6 85.2  ± 10.5 
0.674 
Lenght (cm) 1.10 ± 0.04c 0.93 ± 0.03b 0.67 ± 0.02a 0.66 ± 0.01a 0.63 ± 0.01a 0.65 ± 0.05a 0.66 ± 0.01a 
0.000 
Weight (mg) 25.6 ± 5.6c 15.7 ± 1.1b 4.4 ± 0.0a 3.8 ± 0.9a 3.2 ± 0.1a 4.0 ± 1.6a 3.9 ± 0.4a 
0.000 
Condition Factor  1.88 ± 0.25b 1.88 ± 0.06b 1.36 ± 0.05ab 1.28 ± 0.15ab 1.17 ± 0.03a 1.34 ± 0.30ab 1.31 ±  0.11ab 
0.016 
60 dpf        
 
Survival (%) 100 100 100 100 100 100 100 
 
Length (cm) 2.61 ± 0.01b 2.54 ± 0.04ab 2.17 ± 0.03ab 2.27 ± 0.03ab 2.30 ± 0.09ab 2.07 ± 0.27a 2.35 ± 0.10ab 
0.023 
Weight (mg) 358.1 ± 4.7b 310.0 ± 6.4ab 234.1 ± 2.3ab  240.1 ± 11.7ab 245.7 ± 24.0ab 191.5 ± 76.7a 266.1 ± 18.5ab 
0.016 
Condition Factor  1.91 ± 0.05 1.87 ± 0.08 1.86 ± 0.03 2.04 ± 0.02  1.94 ± 0.02 2.04 ± 0.06 2.01 ± 0.10 
0.077 
1Means with different superscript letters are significantly different (p < 0.05) from each other. 
  
Morphology was tested for possible malformations of the larvae and juveniles 
bones structures. This work is still in progress so there are not any results available. 
Figure 21 shows an example of the morphology analysis. 
 
 
Figure 21 - Morphology analysis using and adapted technique of bone and cartilage 
staining with alcian blue and alizarin red. Blue – cartilage; Purple – bone structures. 
(Pedro Vaz) 
FCUP 
Microalgae usage for cultivated rotifers (Brachionus sp.) enrichment to integrate                    
zebrafish (Danio rerio) larvae rearing protocol 
33 
 
 
Discussion 
 Zebrafish is one of the most used organisms in scientific research, however 
feeding protocols from start of exogenous feeding until the adult phase are poorly 
developed and less standardized. This study evaluated feeding protocols with rotifers 
enriched with microalgae. Traditional protocols use live prey for the first feeding stages, 
starting with enriched rotifers and then artemia at an intermediate step, before using 
processed feed (Best et al. 2010, Allen et al. 2016). At least one study proved it is 
possible to rear zebrafish with only one-step of live feed, being rotifers the selected live 
prey (Lawrence et al. 2015) and another showed the possibility of only feeding processed 
feed (Carvalho et al. 2006). 
 This work confirmed the possibility of rearing zebrafish using one (rotifers), two 
(rotifers plus artemia) or no live feed until 60 dpf with survival rates ranging from 78.7 to 
95.4%, although there no significantly differences between the different groups. The 
highest survival rate was observed for fish under the E2 treatment. This group was fed 
rotifers enriched with a microalgae mix (50% Nannochloropsis sp., 25% Tetraselmis sp., 
25% I. galbana) until 25 dpf and then fed with processed feed until 60 dpf. This data is 
in line with what was reported by Lawrence et al. (2015), that observed low mortality 
(98% survival rate) when zebrafish larvae were cultured with a polyculture step from 5 to 
8 dpf, then fed enriched rotifers (fed  Nannochloropsis algae paste, RotiGro Plus; Reed 
Mariculture, Inc.) until 25 dpf, and finally processed feed until 60 dpf. Carvalho et al. 
(2006) demonstrated the possibility to rear zebrafish with only a practical diet until 27 dpf 
and with high survival rate (84%). The present work achieved similar results with fish 
under the PF treatment (from first exogenous feeding onwards), having a 92.6% survival 
rate.  
Present growth performance results corroborate that zebrafish may be reared 
with only one live prey. At 25 dpf Ctr larvae (zebrafish fed with rotifers fed 100% 
Nannochloropsis sp. followed by artemia) showed the best growth performance of all the 
treatments, followed by the larvae under the PF treatment (this group was fed with a 
processed feed throughout the trial) and the rotifers-fed larvae. Similarly to Lawrence et 
al. (2015) major differences were observed at the end of the first part of the trial for the 
equivalent groups. Artemia nauplii are about three times bigger then rotifers but the 
quantity given of either rotifers or artemia was equivalent in terms of total biomass, so 
the differences found in larval growth were unlikely due to the bigger size of the prey 
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offered. Composition data showed that in terms of protein content artemia presented the 
lowest values, although not significantly differences were observed. The treatment in 
which artemia were used had the best performance, so it’s reasonable to exclude protein 
as the main cause for the lower performances of the rotifer-fed treatments. Total lipids 
analysis showed that artemia had 18.9% DM, lower only than the E5 treatment rotifers 
with 20% of DM. However, E5 treatment had also a lower performance than the Ctr, 
despite the higher protein and lipid contents, although there were no significantly 
differences. This could indicate that the reason for these is not the lipid content, but could 
be related to the lipids composition, for example, percentage of omega-3. However, there 
is no data available so, future works should try to investigate this hypothesis. 
At the end of the trial (60 dpf) Ctr remained the one with best performance but 
presented significantly better growth performance only when compared to the larvae of 
the E4 treatment (25% Nannochloropsis sp., 25% Tetraselmis sp., 50% I. galbana). The 
performance of E4 treatment could indicate that this algae mixture is not adequate for 
zebrafish. Fernandes et al. (2016) showed that increasing  protein levels in a diet until 
35% - 40% induced zebrafish growth, while values above don’t had significant 
improvement. E4 live prey had 58.7% (DM) protein, which are way above the reported 
required values so, it’s reasonable to think that the levels of protein fulfilled the larvae 
requirements. The analysis of the live feed composition showed that E4 had the lowest 
value of total lipids (10.9% of DM). Zebrafish lipids nutrional requirements are not well 
study and the cyprinids requirements are being used for zebrafish (Lawrence 2007, 
Harper and Lawrence 2016). Cyprinids in general usually respond well at 10% to 15% of 
total lipid inclusion on the diet (Harper and Lawrence 2016). There are also reports that 
showed the importance of lipids for the fish muscle composition and to create metabolic 
energy (Meinelt et al. 1999, Halver and Hardy 2002). Despite the value of total lipids 
present in the E4 treatment being in this range they are at the very low end and these 
values are for cyprinids in general and not specific of zebrafish. In this sense it is 
acceptable to assume that the total lipids requirements of zebrafish are closer to 15%, 
being this a probable reason to the underperformance of the E4 treatment. Other 
possibility, as discussed above, could be not the total lipid percentage but the type of 
lipids presented in the diet. However, there is no data available. 
 At 25 dpf the mean weight and length of larvae from the present work were 
smaller than in the work of Lawrence et al. (2015). These differences were probably due 
to the feeding protocol adopted that provided rotifers twice daily (since first feeding at 5 
dpf until 24 dpf) while in Lawrence et al. (2015) larvae were reared in polyculture with a 
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mean density of 800 rotifers/mL and Nannochloropsis algae paste (RotiGro Plus; Reed 
Mariculture, Inc.)  from 5 to 8 dpf and then rotifers were provided three times per day 
until 25 dpf. The polyculture technique has similarities with the “green-water technique”, 
used in commercial hatcheries, and implies the use of the same tank for both rotifer 
culture and larvae rearing, allowing a constant availability of enriched rotifers, decreasing 
the amount of energy needed by the larvae to capture the prey, being able to use said 
energy for growth purposes (Lawrence et al. 2015). As with the green-water technique, 
the addition of microalgae to the rearing tank also presents other advantages such as 
decreased stress levels, increased environment turbidity, thus conferring a better 
contrast and making easier for larvae to detect the prey and also improve water quality 
(Palmer et al. 2007, Haché et al. 2017). 
Despite the reduced weights recorded at 25 dpf, at the end of the trial all rotifer-
fed groups (except E4) presented better mean weight (E1- 234.1 mg; E2- 240.1 mg; E3- 
245.7 mg; E5- 266.1 mg) than that observed by Lawrence et al. (2015) (220mg).For the 
mean length, however, this work presented lower values, with the best rotifer-fed group 
(E5) having 2.35 cm in contrast with the similar treatment reported by Lawrence et al. 
(2015) that obtained a mean length of 2.99 cm. It’s important to refer although, that this 
project used the standard length (from the tip of the snout to the beginning of the caudal 
fin) while Lawrence et al. (2015) used the total length (from the tip of the snout the longer 
lobe of the caudal fin) making it hard to compare results from both studies. 
By the end of the feeding trial, larvae exhibited compensatory growth on all of the 
rotifer-fed groups (except E4) to the point there were no significant differences to the Ctr 
group. Similar results were reported by Lawrence et al. (2015) but in casper strain 
zebrafish. On wild-type there are only reports of smaller differences between rotifer-fed 
groups and control groups (zebrafish fed with rotifers followed by artemia) that are still 
significantly. This suggests the polyculture, improves larvae development and probably 
reduces mortality until 25 dpf, but does not have a significant influence on growth and 
mortality from 25 to 60 dpf.  
The condition factor is usually considered a good indicator of health in fish and 
interpreted as directly correlated to the animal’s energy reserves (Siccardi III et al. 2009). 
There were only differences at 25 dpf between the tested zebrafish groups, with the Ctr 
and PF groups having the higher values and E3 having the lowest. At the end of the trial 
there were no significant differences between the groups, indicating that at the end all 
the groups should had similar composition. Lawrence et al. (2015) reported a condition 
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factor of 0.82 and 0.86 for rotifer-fed groups and Ctr group respectively at 60 dpf. In the 
current work all of the equivalent treatments had higher condition factor, with the worst 
performing rotifer-fed group having 1.86 and the control group having 1.91. However, as 
said above, Lawrence et al. (2015) used the total length making it hard to compare results 
from both studies. 
It is also important to refer that the objective of this work was never to 
demonstrate that the use of rotifers is better than the use of processed feed or artemia, 
but test different microalgae mixes to try to achieve the better combination and to show 
that is possible rear zebrafish with the use of only one live feed. This work confirmed the 
hypothesis of using only rotifers as the only live prey in zebrafish larval rearing. Cysts of 
artemia are expensive and the market price is extreme variable (Lavens and Sorgeloos 
2000). On the other end, rotifers not only are easier to enrich, being relatively easy to 
adapt to their nutrional profile to fish needs, but can also be cultured on continuous 
regime, with the biggest expense being the microalgae needed to feed the cultures (Best 
et al. 2010, Lawrence et al. 2012, Lawrence et al. 2015). Economically it would be a 
great advantage for laboratories or other facilities, to reduce the costs related to zebrafish 
maintenance. Nevertheless, further studies should thoroughly evaluate the economic 
impact of using only rotifers as live feed in routinely reared zebrafish. 
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Conclusions 
The major objectives of this work were achieved. 
 With this work I gained knowledge and experience on microalgae production 
procedures at Necton. It was also possible to develop and establish several Protocols in 
the Nutrimu group, namely, for zebrafish reproduction; zebrafish eggs disinfection and 
incubation; rotifers culture; artemia cysts decapsulation and hatching; detection of 
morphology malformations; 
 It was possible to successfully rear zebrafish until 60 dpf with the use of rotifers 
as the only live prey. Given the obtained results it is safe to assume that the microalgae 
combination of 25% Nannochloropsis sp., 25% Tetraselmis sp. and 50% Isochrysis 
galbana is not an adequate enrichment for rotifers included in zebrafish larvae feeding 
protocols. The performance of zebrafish fed rotifers enriched with a microalgae 
combination of 50% Nannochloropsis sp., 25% Tetraselmis sp. and 25% Isochrysis 
galbana suggested this combination to be the most nutritionally adequate for zebrafish 
larvae.  
 Future works are needed to further test different microalgae combinations in order 
to achieve a premium combination. Such knowledge would be beneficial to all the studies 
performed with this biological model.  
  
 
 
 
 
 
 
FCUP 
Microalgae usage for cultivated rotifers (Brachionus sp.) enrichment to integrate                    
zebrafish (Danio rerio) larvae rearing protocol 
38 
 
 
Bibliography 
Allen, R. L., R. L. Wallace and B. E. Sisson (2016). "A rotifer-based technique to rear 
zebrafish larvae in small academic settings." Zebrafish 13(4): 281-286. 
Andrich, G., U. Nesti, F. Venturi, A. Zinnai and R. Fiorentini (2005). "Supercritical fluid 
extraction of bioactive lipids from the microalga Nannochloropsis sp." European Journal 
of Lipid Science and Technology 107(6): 381-386. 
Becker, E. W. (1994). Microalgae: biotechnology and microbiology, Cambridge 
University Press. 
Ben-Amotz, A. d., R. Fishler and A. Schneller (1987). "Chemical composition of dietary 
species of marine unicellular algae and rotifers with emphasis on fatty acids." Marine 
biology 95(1): 31-36. 
Best, J., I. Adatto, J. Cockington, A. James and C. Lawrence (2010). "A novel method 
for rearing first-feeding larval zebrafish: polyculture with Type L saltwater rotifers 
(Brachionus plicatilis)." Zebrafish 7(3): 289-295. 
Bligh, E. G. and W. J. Dyer (1959). "A rapid method of total lipid extraction and 
purification." Canadian journal of biochemistry and physiology 37(8): 911-917. 
Bonfanti, C., C. Cardoso, C. Afonso, J. Matos, T. Garcia, S. Tanni and N. Bandarra 
(2018). "Potential of microalga Isochrysis galbana: Bioactivity and bioaccessibility." Algal 
Research 29: 242-248. 
Borowitzka, M. A. (2013). "High-value products from microalgae—their development and 
commercialisation." Journal of applied phycology 25(3): 743-756. 
Brennan, L. and P. Owende (2010). "Biofuels from microalgae—a review of technologies 
for production, processing, and extractions of biofuels and co-products." Renewable and 
sustainable energy reviews 14(2): 557-577. 
Bricker, S. B., T. L. Getchis, C. B. Chadwick, C. M. Rose and J. M. Rose (2016). 
"Integration of ecosystem-based models into an existing interactive web-based tool for 
improved aquaculture decision-making." Aquaculture 453: 135-146. 
Burnell, G. and G. Allan (2009). New technologies in aquaculture: Improving production 
efficiency, quality and environmental management, Elsevier. 
Carvalho, A. P., L. Araújo and M. M. Santos (2006). "Rearing zebrafish (Danio rerio) 
larvae without live food: evaluation of a commercial, a practical and a purified starter diet 
on larval performance." Aquaculture Research 37(11): 1107-1111. 
FCUP 
Microalgae usage for cultivated rotifers (Brachionus sp.) enrichment to integrate                    
zebrafish (Danio rerio) larvae rearing protocol 
39 
 
 
Cerezuela, R., F. A. Guardiola, J. Meseguer and M. Á. Esteban (2012). "Enrichment of 
gilthead seabream (Sparus aurata L.) diet with microalgae: effects on the immune 
system." Fish physiology and biochemistry 38(6): 1729-1739. 
Chen, F., H.-B. Li, R. N.-S. Wong, B. Ji and Y. Jiang (2005). "Isolation and purification of 
the bioactive carotenoid zeaxanthin from the microalga Microcystis aeruginosa by high-
speed counter-current chromatography." Journal of Chromatography A 1064(2): 183-
186. 
Cheng-Wu, Z., O. Zmora, R. Kopel and A. Richmond (2001). "An industrial-size flat plate 
glass reactor for mass production of Nannochloropsis sp.(Eustigmatophyceae)." 
Aquaculture 195(1-2): 35-49. 
Christaki, E., P. Florou-Paneri and E. Bonos (2011). "Microalgae: a novel ingredient in 
nutrition." International journal of food sciences and nutrition 62(8): 794-799. 
Conde, E., E. Balboa, M. Parada and E. Falque (2013). Algal proteins, peptides and 
amino acids. Functional Ingredients from Algae for Foods and Nutraceuticals, Elsevier: 
135-180. 
Das, P., M. I. Thaher, M. A. Q. M. A. Hakim, H. M. S. Al-Jabri and G. S. H. Alghasal 
(2016). "A comparative study of the growth of Tetraselmis sp. in large scale fixed depth 
and decreasing depth raceway ponds." Bioresource technology 216: 114-120. 
De Andrade, G., M. Berenguel, J. Guzmán, D. Pagano and F. Acién (2016). 
"Optimization of biomass production in outdoor tubular photobioreactors." Journal of 
Process Control 37: 58-69. 
Delbos, B. C. and M. H. Schwarz (2009). "Artemia Culture for Intensive Finfish and 
Crustacean Larviculture." 
Deng, X.-Y., X.-L. Hu, J. Cheng, Z.-X. Ma and K. Gao (2016). "Growth inhibition and 
oxidative stress induced by 1-octyl-3-methylimidazolium bromide on the marine diatom 
Skeletonema costatum." Ecotoxicology and environmental safety 132: 170-177. 
Diana, J. S. (2009). "Aquaculture Production and Biodiversity Conservation." BioScience 
59(1): 27-38. 
Dufossé, L., P. Galaup, A. Yaron, S. M. Arad, P. Blanc, K. N. C. Murthy and G. A. 
Ravishankar (2005). "Microorganisms and microalgae as sources of pigments for food 
use: a scientific oddity or an industrial reality?" Trends in Food Science & Technology 
16(9): 389-406. 
FAO (2014). "<fao 2014.pdf>." 
FAO (2016). "<Fao 2016.pdf>." 
Fernandes, H., H. Peres and A. P. Carvalho (2016). "Dietary Protein Requirement During 
Juvenile Growth of Zebrafish (Danio rerio)." Zebrafish 13(6): 548-555. 
FCUP 
Microalgae usage for cultivated rotifers (Brachionus sp.) enrichment to integrate                    
zebrafish (Danio rerio) larvae rearing protocol 
40 
 
 
Fernandez, F. G. A., J. M. F. Sevilla and E. M. Grima (2017). Microalgae: The Basis of 
Mankind Sustainability. Case Study of Innovative Projects-Successful Real Cases, 
InTech. 
Fielder, D., G. Purser and S. Battaglene (2000). "Effect of rapid changes in temperature 
and salinity on availability of the rotifers Brachionus rotundiformis and Brachionus 
plicatilis." Aquaculture 189(1-2): 85-99. 
Gavaia, P. J., C. Sarasquete and M. L. Cancela (2000). "Detection of mineralized 
structures in early stages of development of marine Teleostei using a modified alcian 
blue-alizarin red double staining technique for bone and cartilage." Biotechnic & 
histochemistry 75(2): 79-84. 
Gnouma, A., I. Sadovskaya, A. Souissi, K. Sebai, A. Medhioub, T. Grard and S. Souissi 
(2017). "Changes in fatty acids profile, monosaccharide profile and protein content 
during batch growth of Isochrysis galbana (T. iso)." Aquaculture Research 48(9): 4982-
4990. 
González-Fernández, C. and M. Ballesteros (2012). "Linking microalgae and 
cyanobacteria culture conditions and key-enzymes for carbohydrate accumulation." 
Biotechnology advances 30(6): 1655-1661. 
Gouveia, L., S. Graça, C. Sousa, L. Ambrosano, B. Ribeiro, E. P. Botrel, P. C. Neto, A. 
F. Ferreira and C. M. Silva (2016). "Microalgae biomass production using wastewater: 
treatment and costs: scale-up considerations." Algal Research 16: 167-176. 
Guedes, A. C. and F. X. Malcata (2012). Nutritional value and uses of microalgae in 
aquaculture. Aquaculture, InTech. 
Haché, R., A. Dumas, D. Thumbi, B. S. Forward and M. Mallet (2017). "Effect of live 
algae used as green water on survival, growth, behaviour, ontogeny and bacterial profile 
of lobster larvae (Homarus americanus Milne Edwards)." Aquaculture Research 48(2): 
581-593. 
Halver, J. E. and R. W. Hardy (2002). Fish nutrition, Elsevier. 
Harper, C. and C. Lawrence (2016). The laboratory zebrafish, Crc Press. 
Hemaiswarya, S., R. Raja, R. R. Kumar, V. Ganesan and C. Anbazhagan (2011). 
"Microalgae: a sustainable feed source for aquaculture." World Journal of Microbiology 
and Biotechnology 27(8): 1737-1746. 
Huber, M. E. and R. A. Lewin (1986). "An electrophoretic survey of the genus Tetraselmis 
(Chlorophyta, Prasinophyceae)." Phycologia 25(2): 205-209. 
Jacobi, D.-B. A., D.-I. D. Ivanova and I. C. Posten (2010). "Photobioreactors: 
hydrodynamics and mass transfer." IFAC Proceedings Volumes 43(6): 162-167. 
FCUP 
Microalgae usage for cultivated rotifers (Brachionus sp.) enrichment to integrate                    
zebrafish (Danio rerio) larvae rearing protocol 
41 
 
 
Khatoon, H., N. A. Rahman, S. Banerjee, N. Harun, S. S. Suleiman, N. H. Zakaria, F. 
Lananan, S. H. A. Hamid and A. Endut (2014). "Effects of different salinities and pH on 
the growth and proximate composition of Nannochloropsis sp. and Tetraselmis sp. 
isolated from South China Sea cultured under control and natural condition." 
International Biodeterioration & Biodegradation 95: 11-18. 
Lavens, P. and P. Sorgeloos (1987). "The cryptobiotic state of Artemia cysts, its diapause 
deactivation and hatching: a review." Artemia research and its applications 3: 27-63. 
Lavens, P. and P. Sorgeloos (1996). Manual on the production and use of live food for 
aquaculture, Food and Agriculture Organization (FAO). 
Lavens, P. and P. Sorgeloos (2000). "The history, present status and prospects of the 
availability of Artemia cysts for aquaculture." Aquaculture 181(3-4): 397-403. 
Lawrence, C. (2007). "The husbandry of zebrafish (Danio rerio): a review." Aquaculture 
269(1-4): 1-20. 
Lawrence, C., A. James and S. Mobley (2015). "Successful replacement of Artemia 
salina nauplii with marine rotifers (Brachionus plicatilis) in the diet of preadult zebrafish 
(Danio rerio)." Zebrafish 12(5): 366-371. 
Lawrence, C., E. Sanders and E. Henry (2012). "Methods for culturing saltwater rotifers 
(Brachionus plicatilis) for rearing larval zebrafish." Zebrafish 9(3): 140-146. 
Lee, H. J. and S. B. Hur (2009). "Genetic relationships among multiple strains of the 
genus Tetraselmis based on partial 18S rDNA sequences." Algae 24(4): 205-212. 
Li, H. B., K. W. Fan and F. Chen (2006). "Isolation and purification of canthaxanthin from 
the microalga Chlorella zofingiensis by high‐speed counter‐current chromatography." 
Journal of separation science 29(5): 699-703. 
Li, S., K. Pan, B. Zhu, X. Ma, X. Liang and G. Yang (2011). "Molecular identification of a 
species in genus Nannochloropsis." Journal of Ocean University of China 10(4): 391-
396. 
Lieschke, G. J. and P. D. Currie (2007). "Animal models of human disease: zebrafish 
swim into view." Nature Reviews Genetics 8(5): 353. 
Lin, Y.-H., F.-L. Chang, C.-Y. Tsao and J.-Y. Leu (2007). "Influence of growth phase and 
nutrient source on fatty acid composition of Isochrysis galbana CCMP 1324 in a batch 
photoreactor." Biochemical Engineering Journal 37(2): 166-176. 
Lorenz, R. T. and G. R. Cysewski (2000). "Commercial potential for Haematococcus 
microalgae as a natural source of astaxanthin." Trends in biotechnology 18(4): 160-167. 
Lucas, J. S. and P. C. Southgate (2012). Aquaculture: Farming aquatic animals and 
plants, John Wiley & Sons. 
FCUP 
Microalgae usage for cultivated rotifers (Brachionus sp.) enrichment to integrate                    
zebrafish (Danio rerio) larvae rearing protocol 
42 
 
 
Ma, Z. and J. G. Qin (2014). "Replacement of fresh algae with commercial formulas to 
enrich rotifers in larval rearing of yellowtail kingfish Seriola lalandi (Valenciennes, 1833)." 
Aquaculture research 45(6): 949-960. 
Maack, G. and H. Segner (2003). "Morphological development of the gonads in 
zebrafish." Journal of fish biology 62(4): 895-906. 
Marcilla, A., A. Gómez-Siurana, C. Gomis, E. Chápuli, M. C. Catalá and F. J. Valdés 
(2009). "Characterization of microalgal species through TGA/FTIR analysis: Application 
to Nannochloropsis sp." Thermochimica Acta 484(1-2): 41-47. 
Marinho, Y. F., L. O. Brito, C. V. F. d. Silva Campos, W. Severi, H. A. Andrade and A. O. 
Galvez (2017). "Effect of the addition of Chaetoceros calcitrans, Navicula sp. and 
Phaeodactylum tricornutum (diatoms) on phytoplankton composition and growth of 
Litopenaeus vannamei (Boone) postlarvae reared in a biofloc system." Aquaculture 
Research 48(8): 4155-4164. 
Martins, S., J. F. Monteiro, M. Vito, D. Weintraub, J. Almeida and A. C. Certal (2016). 
"Toward an integrated zebrafish health management program supporting cancer and 
neuroscience research." Zebrafish 13(S1): S-47-S-55. 
Mata, T. M., A. A. Martins and N. S. Caetano (2010). "Microalgae for biodiesel production 
and other applications: a review." Renewable and sustainable energy reviews 14(1): 
217-232. 
Meinelt, B. T., C. Schulz, M. Wirth, H. Kürzinger and C. Steinberg (1999). "Dietary fatty 
acid composition influences the fertilization rate of zebrafish (Danio rerio Hamilton‐
Buchanan)." Journal of Applied Ichthyology 15(1): 19-23. 
Muller-Feuga, A. (2000). "The role of microalgae in aquaculture: situation and trends." 
Journal of Applied Phycology 12(3-5): 527-534. 
Navarro, N. (1999). "Feeding behaviour of the rotifers Brachionus plicatilis and 
Brachionus rotundiformis with two types of food: live and freeze-dried microalgae." 
Journal of Experimental Marine Biology and Ecology 237(1): 75-87. 
Naviner, M., J.-P. Bergé, P. Durand and H. Le Bris (1999). "Antibacterial activity of the 
marine diatom Skeletonema costatum against aquacultural pathogens." Aquaculture 
174(1-2): 15-24. 
Necton S.A. (07/2018) - http://phytobloom.com/aquac_microalgae_tetraselmis/ 
Necton S.A. (07/2018) -http://phytobloom.com/aquac_microalgae_isochrysis/ 
Ottinger, M., K. Clauss and C. Kuenzer (2016). "Aquaculture: Relevance, distribution, 
impacts and spatial assessments – A review." Ocean & Coastal Management 119: 244-
266. 
FCUP 
Microalgae usage for cultivated rotifers (Brachionus sp.) enrichment to integrate                    
zebrafish (Danio rerio) larvae rearing protocol 
43 
 
 
Pal, D., I. Khozin-Goldberg, Z. Cohen and S. Boussiba (2011). "The effect of light, 
salinity, and nitrogen availability on lipid production by Nannochloropsis sp." Applied 
microbiology and biotechnology 90(4): 1429-1441. 
Palmer, P. J., M. J. Burke, C. J. Palmer and J. B. Burke (2007). "Developments in 
controlled green-water larval culture technologies for estuarine fishes in Queensland, 
Australia and elsewhere." Aquaculture 272(1-4): 1-21. 
Pereira, H., L. Barreira, F. Figueiredo, L. Custódio, C. Vizetto-Duarte, C. Polo, E. Rešek, 
A. Engelen and J. Varela (2012). "Polyunsaturated fatty acids of marine macroalgae: 
potential for nutritional and pharmaceutical applications." Marine Drugs 10(9): 1920-
1935. 
Pérez, L., J. L. Salgueiro, J. González, A. I. Parralejo, R. Maceiras and Á. Cancela 
(2017). "Scaled up from indoor to outdoor cultures of Chaetoceros gracilis and 
Skeletonema costatum microalgae for biomass and oil production." Biochemical 
Engineering Journal 127: 180-187. 
Pham, C. K., R. M. Higgins, M. D. Girolamo and E. Isidro (2008). Developing a 
Sustainable Aquaculture Industry in the Azores: Proceedings of the International 
Workshop, Universidade dos Açores. 
Pulz, O. (2001). "Photobioreactors: production systems for phototrophic 
microorganisms." Applied microbiology and biotechnology 57(3): 287-293. 
Rebolloso-Fuentes, M. M., A. Navarro-Pérez, F. Garcia-Camacho, J. Ramos-Miras and 
J. Guil-Guerrero (2001). "Biomass nutrient profiles of the microalga Nannochloropsis." 
Journal of Agricultural and Food Chemistry 49(6): 2966-2972. 
Santoriello, C. and L. I. Zon (2012). "Hooked! Modeling human disease in zebrafish." 
The Journal of clinical investigation 122(7): 2337-2343. 
Segner, H. (2009). "Zebrafish (Danio rerio) as a model organism for investigating 
endocrine disruption." Comparative Biochemistry and Physiology Part C: Toxicology & 
Pharmacology 149(2): 187-195. 
Setyaningsi, E. P., T. Nurhidayati, S. Pratiwi, S. Nurhatika, D. Ermavitalini, A. 
Muhibuddin, K. I. Purwani, E. Setiawan, F. Chen and M.-J. Tsai (2018). Microalgae 
Growth and Morphology of Skeletonema costatum On Physiological Stress Nutrient 
Silicon (Si). Journal of Physics: Conference Series, IOP Publishing. 
Siccardi III, A. J., H. W. Garris, W. T. Jones, D. B. Moseley, L. R. D'Abramo and S. A. 
Watts (2009). "Growth and survival of zebrafish (Danio rerio) fed different commercial 
and laboratory diets." Zebrafish 6(3): 275-280. 
FCUP 
Microalgae usage for cultivated rotifers (Brachionus sp.) enrichment to integrate                    
zebrafish (Danio rerio) larvae rearing protocol 
44 
 
 
Sorgeloos, P., E. Bossuyt, E. Laviña, M. Baeza-Mesa and G. Persoone (1977). 
"Decapsulation of Artemia cysts: a simple technique for the improvement of the use of 
brine shrimp in aquaculture." Aquaculture 12(4): 311-315. 
Spence, R., G. Gerlach, C. Lawrence and C. Smith (2008). "The behaviour and ecology 
of the zebrafish, Danio rerio." Biological reviews 83(1): 13-34. 
Spolaore, P., C. Joannis-Cassan, E. Duran and A. Isambert (2006). "Commercial 
applications of microalgae." Journal of bioscience and bioengineering 101(2): 87-96. 
Sun, Y., H. Wang, G. Guo, Y. Pu and B. Yan (2014). "The isolation and antioxidant 
activity of polysaccharides from the marine microalgae Isochrysis galbana." 
Carbohydrate polymers 113: 22-31. 
Taleb, A., J. Pruvost, J. Legrand, H. Marec, B. Le-Gouic, B. Mirabella, B. Legeret, S. 
Bouvet, G. Peltier and Y. Li-Beisson (2015). "Development and validation of a screening 
procedure of microalgae for biodiesel production: application to the genus of marine 
microalgae Nannochloropsis." Bioresource technology 177: 224-232. 
Tredici, M., N. Bassi, M. Prussi, N. Biondi, L. Rodolfi, G. C. Zittelli and G. Sampietro 
(2015). "Energy balance of algal biomass production in a 1-ha “Green Wall Panel” plant: 
How to produce algal biomass in a closed reactor achieving a high Net Energy Ratio." 
Applied energy 154: 1103-1111. 
Tredici, M. R., L. Rodolfi, N. Biondi, N. Bassi and G. Sampietro (2016). "Techno-
economic analysis of microalgal biomass production in a 1-ha Green Wall Panel (GWP®) 
plant." Algal Research 19: 253-263. 
Ugwu, C., H. Aoyagi and H. Uchiyama (2008). "Photobioreactors for mass cultivation of 
algae." Bioresource technology 99(10): 4021-4028. 
Vasta, G. R., H. Ahmed, S.-J. Du and D. Henrikson (2004). "Galectins in teleost fish: 
Zebrafish (Danio rerio) as a model species to address their biological roles in 
development and innate immunity." Glycoconjugate journal 21(8-9): 503-521. 
Vizcaíno, A., G. López, M. Sáez, J. Jiménez, A. Barros, L. Hidalgo, J. Camacho-
Rodríguez, T. Martínez, M. Cerón-García and F. Alarcón (2014). "Effects of the 
microalga Scenedesmus almeriensis as fishmeal alternative in diets for gilthead sea 
bream, Sparus aurata, juveniles." Aquaculture 431: 34-43. 
Westerfield, M. (2007). The zebrafish book: a guide for the laboratory use of zebrafish 
(Danio rerio), University of Oregon press. 
Yoshioka, M., T. Yago, Y. Yoshie-Stark, H. Arakawa and T. Morinaga (2012). "Effect of 
high frequency of intermittent light on the growth and fatty acid profile of Isochrysis 
galbana." Aquaculture 338: 111-117. 
FCUP 
Microalgae usage for cultivated rotifers (Brachionus sp.) enrichment to integrate                    
zebrafish (Danio rerio) larvae rearing protocol 
45 
 
 
Zhu, C., Y. Lee and T. Chao (1997). "Effects of temperature and growth phase on lipid 
and biochemical composition of Isochrysis galbana TK1." Journal of Applied Phycology 
9(5): 451-457. 
Zingone, A., I. Percopo, P. A. Sims and D. Sarno (2005). "Diversity in the genus 
Skeletonema (bacillariophyceae). i. a reexamination of the type material of s. costatum 
with the description of s. grevillei sp. nov. 1." Journal of phycology 41(1): 140-150. 
 
